The efficiency of nanoparticles covered with type A gel and loaded with KH 2 PO 4 , as a source of P, was evaluated on growth, phosphorus concentration and accumulation, and photosynthesis-related parameters in rice plants (Oryza sativa L. ssp. indica) cv. Morelos A-2010, under greenhouse conditions. Plants were treated for 14 days with P concentrations equivalent to 50 and 100% of those established in the Yoshida nutrient solution. Sources of P were KH 2 PO 4 , nano-KH 2 PO 4 , and nano-KH 2 PO 4 with trypsin; control treatments were distilled water and nanoparticles with type A gel. The solutions were renewed every 7 d. Rice plants exhibited differential P absorption in function of the P source tested. P supplied by KH 2 PO 4 had a higher uptake rate than P supplied by nano-KH 2 PO 4 , alone or with trypsin. Nevertheless, nano-KH 2 PO 4 promoted higher physiological efficiency for P in both roots and shoots, which consequently induced higher biomass accumulation in these organs. P concentration in shoots, as well as P accumulation in shoots and roots, were positively correlated with the photosynthetic rate. Also, nano-KH 2 PO 4 increased instant water use efficiency in rice plants.
Introduction
The use of nanotechnology in agriculture comprises the controlled release of certain substances, mainly pesticides and fertilizers. Nonetheless, uptake and use efficiency, as well as the effects of the nanoparticles on growth and metabolic functions in plants, vary between genotypes [1] .
Nanoparticles loaded with nutrients can enter root cells using different internationalization routes including joining to transport proteins through aquaporins and ionic channels, creating new pores, and by endocytosis [2] . In several plant species, carbon-coated nanoparticles can translocate in the whole plant to different tissues and organs. Indeed, transport of nanoparticles in the roots happens from one cell to the next via plasmodesmata [3] .
Most research on nanofertilizers have been done with metallic nutrients like Cu, Mn, Zn, and Fe [4] . Also, Al, Ce, La, and Ti among other beneficial elements [5] have been tested as nanoparticles in plants [6] . Consequently, during the last decade, metal nanoparticle production has grown exponentially, with a global production expected to reach 58,000 metric tons by the year 2020 [7] . In contrast, research on macronutrients is limited, although these elements drive global crop production [8] . Among macronutrients, phosphorus (P) deficiency is a common factor hindering yield and crop quality worldwide [9] . Phosphorus (P) is part of amino acids, nucleic acids, phospholipids, and high-energy molecules such as adenosine triphosphate (ATP) [10] in all living organisms. In plants, P is an essential element required for development and reproduction, and it is one of the main components of the fertilizers necessary to sustain modern agriculture. In soils, the concentration of inorganic P (available to plants) ranges from 35 to 70% of the total P. This form of P shows low diffusion and high fixation rates in soils through ligand exchange by 1 : 1 clay minerals, Fe and Al oxides and hydroxides, and is thus precipitated as Fe, Al, and Ca phosphates [11, 12] . Additionally, phosphate fertilizers are obtained from phosphoric rock, a nonrenewable resource, and whose reserves are running out [13] . Consequently, the importance of promoting the efficiency of P uptake and use in agricultural crops like rice becomes evident, while supplying nanofertilizers with phosphorus represents an alternative.
Rice is the second most consumed cereal worldwide, being the basic foodstuff for more than 40% of the population [14] . In the coming years, a production of 8 to 10 million tons annually will be required. Without expanding the agricultural land surface, this will require a mean increase in yields of 0.6 t ha -1 , around the world [15] . In order to fulfill this demand, it is crucial to find greater efficiency in the uptake and use of primary fertilizers, including P, and consequently, depending less on copious applications of fertilizers to the crops, and rather search for sustainable agricultural production [16] . In Mexico, the Morelos rice cultivar displays unique agronomical, milling, and culinary characteristics, which have placed it as one of the highest quality rice varieties, both nationally and internationally [14] .
The present study was carried out aiming at evaluating the effect of a phosphate nanofertilizer on growth, physiological, and nutrimental parameters of rice plants during their vegetative stage in hydroponics. The nutrient solution did not contain any other nutrient, in order to discard effects from the interactions of the nanophosphorus fertilizer with other nutrient sources. P was chosen since, as mentioned before, its deficiency is a common factor that limits crop production at a global scale.
This objective was based on the hypothesis that the performance of the phosphorous nanofertilizer in plants is dependent on the characteristics and properties of the medium to which it is added. The P concentration of the Yoshida nutrient solution (0.383 mol (+) m -3 ) was used as reference, which was generated specifically for rice crops [17] .
Materials and Methods

Location of the Experiment and Plant Material.
The experiment was set up in a saw tooth type greenhouse. Rice (Oryza sativa L. ssp. indica) cultivar Morelos A-2010 seeds were used [18] . Rice seeds were disinfected with 70% ethanol for 5 min and 3% sodium hypochlorite for 30 min. Subsequently, seeds were rinsed with distilled water and dried on an absorbent paper. Once dried, they were germinated in the MS medium [19] , supplemented with sucrose (3%) and agar (0.8%). BO 3 , and 1 mM Fe-EDTA). The nutrient solution was prepared using distilled water and analytical grade reagents (JT Baker; Phillipsburg, NJ, USA). Fe-EDTA was supplied by Sigma-Aldrich (St. Louis, MO, USA). In each 5 L recipient, eight seedlings were established. The pH of the nutrient solution was adjusted to 5.5-6.0, and it was renewed every seven days. Seedlings were kept under these conditions for 30 days as the acclimatization period. After the acclimatization period in hydroponics, plants were kept for 7 d in the 50% Yoshida nutrient solution with no P.
Establishment of the
Evaluated
Treatments. The evaluated treatments are shown in Table 1 . Treatment applications iniciated after a 7 d period without P (37 days after transplanting), using rice plants with a mean height of 32.5 cm. Treatments 1 and 2 were our negative controls (i.e., they contain no P). Treatment 2 consisted of adding type A gel (obtained through acid hydrolysis); this polymer is used for the synthesis of the nanoparticles evaluated in treatments 5 to 8. Treatments 3 and 4 contained 50 and 100% of the P concentration described in the Yoshida solution (0.1915 and 0.3830 mol (+) m -3 ), respectively, using KH 2 PO 4 (JT Baker) as a source of P. Treatments 5 and 6 also contained 50 and 100% of the P concentration of the Yoshida solution, but the source of P was nano-KH 2 PO 4 covered with type A gel, synthesized according to Miranda-Villagómez et al. [20] . Finally, treatments 7 and 8 consisted of P supplied from nano-KH 2 PO 4 covered with type A gel, at 50 and 100%, respectively, of the P concentration indicated in the Yoshida solution, with the addition of the enzyme trypsin (EC 3.4.21.4; proteolytic enzyme that catalyzes the hydrolytic rupture of the peptide bonds established between Arg and Lis), at concentrations 0.1 and 0.2 mg L -1 , respectively.
Evaluated Variables
2.4.1. P Concentration in the Nutrient Solutions. In order to evaluate the reduction of P in the nutrient solutions, samples were taken from these solutions recently prepared 
Results and Discussion
3.1. P Reduction in the Nutrient Solutions. At day 7 after treatment application (dat), in the nutrient solutions containing 50% P of the Yoshida solution (treatments 3, 5, and 7), all of P supplied had been absorbed by the plants, independent of the source of P used. On the other hand, after 7 d, the solutions with 100% of the P concentration in the Yoshida nutrient solution still showed availability of this element. This availability after 7 d was 9.34, 15.37, and 22.84% of the initial concentration, when the sources were KH 2 PO 4 , nano-KH 2 PO 4 , and nano-KH 2 PO 4 with the enzyme, respectively ( Figure 1 ). These results confirm that there were two conditions of P availability in the nutrient solutions after 7 days of incubation with the rice plants: deficiency and sufficiency. Moreover, we could observe differences regarding P uptake depending on the source of this element. Indeed, the nanofertilizer with the addition of trypsin exhibited the highest concentration in the nutrient solution after 7 days, as compared to the rest of the sources evaluated. Hence, P releasing dynamics of the absorbed form in nanofertilizers was much slower than that of the ionic forms. Phosphorus uptake efficiency is defined as the capacity of the roots to absorb P from the growth medium [22] . Under our experimental conditions, uptake efficiency of KH 2 PO 4 was 90.6%, that of nano-KH 2 PO 4 was 84.63%, and that of nano-KH 2 PO 4 with trypsin was 77.16%. Consequently, our findings could suggest a lower P uptake efficiency displayed by the nanofertilizers. However, plants treated with the nanofertilizer and the enzyme displayed normal development, demonstrating a greater P uptake efficiency when using the nanofertilizer. Due to their high surface area to volume ratio, nanofertilizers are more effective in promoting efficient nutrient uptake by crops (having more penetration capacity) than most conventional fertilizers of polymeric type [23, 24] .
Plant
Height. After 7 d, plant height increased by 1.6 and 1.3% with distilled water and the polymer, respectively. When the 50% P concentration was added, from KH 2 PO 4 , nano-KH 2 PO 4 , and nano-KH 2 PO 4 with the enzyme, plant height increased by 2.85, 2.73, and 2.31%, respectively. With the same sources used at 100% P concentrations of the Yoshida solution, plant height was slightly greater, with increases of 2.61, 2.50, and 2.29%, respectively ( Figure 2 ).
The sampling done at 14 days of the treatment showed accumulated growth increases of 4.81 and 4.14% with distilled water and the polymer, respectively. The 50% P concentrations supplied from KH 2 PO 4 , nano-KH 2 PO 4 , and nano-KH 2 PO 4 with the enzyme caused height increases of 8.33, 7.03, and 6.28%, respectively. Height increases when 3 Journal of Nanomaterials supplying 100% P in the Yoshida solution were slightly higher, independent of the source of P, with increases of 8.66, 8.37, and 7.82% for KH 2 PO 4 , nano-KH 2 PO 4 , and nano-KH 2 PO 4 with the enzyme, respectively, as compared to those observed in plants exposed to nutrient solutions with 50% P (Figure 2 ).
Even though there are no significant differences in plant height between treatments with P (treatment 3 to 8) in both samplings, our results indicate that the percentage height increases were higher when P was supplied from KH 2 PO 4 ( Figure 2 ).
Under our experimental conditions, both P sources and their concentrations did not significantly affect plant height in rice. Contrasting with the results obtained herein, Liu and Lal [25] synthesized hydroxyapatite (Ca 5 (PO 4 ) 3 OH) nanoparticles (NPs), approximately 19 nm in size, and evaluated their effect on soybean (Glycine max) in a substrate (50% perlite and 50% peat) in the greenhouse. The data showed that the application of nanoparticles increased the growth rate and seed yield by 33 and 20%, respectively, compared against those of plants treated with regular phosphorus fertilizer (Ca(H 2 PO 4 ) 2 ), demonstrating that soybean roots absorb hydroxyapatite nanoparticles as an efficient P source, maintaining healthy growth and high yield. Nevertheless, NPs may increase reactive oxygen species (ROS) levels in plants, which causes cytotoxic effects. The enhanced ROS levels triggered by NPs may lead to the activation of defense pathways to combat the oxidative stress. When plants achieve an efficient control of ROS, these molecules can be used as signals to regulate growth, development, and responses to environmental cues [26] .
3.3. Number of Leaves. After 7 and 14 d from the beginning of the treatments, the increase in the number of leaves was affected by P concentration in the nutrient solutions, with a positive relationship between the number of leaves and the P concentration ( Figure 3 ).
Considering the measurements done at the beginning of the application of treatments and 7 d after the beginning of the treatments, plants treated with distilled water and the polymer had 2.0 and 2.3 more leaves, respectively. Treatments with 50% P concentration from KH 2 PO 4 , nano-KH 2 PO 4 , and nano-KH 2 PO 4 with trypsin increased the number of leaves by 4.3, 4.7, and 4.0 leaves, respectively. Finally, treatments with 100% P concentration from KH 2 PO 4 , nano-KH 2 PO 4 , and nano-KH 2 PO 4 with trypsin showed 6.8, 6.6, and 6.8 more leaves (Figure 3 ).
Measurements carried out 14 d after treatment applications revealed that rice plants treated with distilled water and the polymer increased the number of leaves by 3.9 and 4.1, respectively, with respect to the beginning of the application. Treatments with 50% P concentrations from KH 2 PO 4 , nano-KH 2 PO 4 , and nano-KH 2 PO 4 with the enzyme increased the number of leaves by 8.1, 9.1, and 8.7, respectively, compared to the number of leaves registered at the beginning of the treatment application. With the same P sources but at 100% concentrations, plants increased the number of leaves by 13.9, 13.3, and 13.7, respectively, compared to the measurements performed at the beginning of the treatments (Figure 3 ).
In other grass species like maize (Zea mays) and perennial ryegrass (Lolium perenne), P deficiency decreases cell division rate and cell expansion, but does not affect cell morphogenesis [27, 28] . However, plants even belonging to the same genus can differ in their tolerance to P deficiency. This difference is mainly due to their capacity to maintain cell division, the expansion of epidermal cells of the leaves, or both [28] . In this research, the plants treated with 50% P of the Yoshida solution underwent three weeks (21 d Journal of Nanomaterials condition from P deficiency, considering the 7 d when this element was not supplied, period previous to the beginning of treatment application. Thus, this fact may help explain the decrease in the number of leaves observed in the first sampling. Similarly, soybean seedlings deprived of P for 32 d showed decreasing rates of leaf initiation after 2 weeks, despite the apex being similar in size and number of cells to that of control plants [29] .
In rice, symptoms of P deficiency include dark green color of plants with erect leaves and reduced number of tillers [30] . Moreover, P-deficient plants may exhibit thin shoots and delayed development, as well as decreased number of leaves, panicles, and seeds per panicle. Young leaves seem to be healthy, but older leaves turn brown and die. Red and purple color can develop on the leaves if the variety accumulates anthocyanins. Under our experimental conditions, reductions of P availability in the nutrient solution when P was supplied at 50% of the original strength (Figure 1 ) confirms P deficiency.
Number of Tillers.
Treatments tested significantly affected the number of tillers (Figure 4 ).
After 7 d of beginning the treatments, number of tillers increased by 1.1 and 1.9 in plants treated with distilled water and the polymer, respectively. Plants exposed to the nutrient solution containing 50% P of the original strength from KH 2 PO 4 , nano-KH 2 PO 4 , and nano-KH 2 PO 4 with trypsin showed increases of 2.8, 2.4, and 3.9 in the number of tillers, respectively. In the 100% P concentration of the Yoshida solution supplied from the sources mentioned before, the increases in the number of tillers were 3.9, 4.1, and 4.2, respectively, as compared to the number of tillers showed at the beginning of the experiment (Figure 4) . At 14 d, in plants treated with distilled water and the polymer, the number of tillers increased by 2.8 and 3.9, respectively. The application of 50% P concentrations of the Yoshida solution from KH 2 PO 4 , nano-KH 2 PO 4 , and nano-KH 2 PO 4 with trypsin increased the number of tillers by 7.2, 6.4, and 9.4, respectively. Finally, plants exposed to 100% P concentration with the same sources increased the number of tillers by 7.2, 10.5, and 9.6, respectively. In the case of the plants treated with nano-KH 2 PO 4 , there is an important increase in the number of tillers only when going from 50 to 100% P concentration in the medium (Figure 4 ).
There is a positive relationship between the number of tillers and the initial P concentration in the nutrient solutions ( Figure 4 ). P is particularly important in early growth stages. It is mobile within the plant and promotes the development of roots, tiller creation, early flowering, and maturation (especially at lower temperatures). Plants remobilize P within their tissues during advanced growth stages if this element has been absorbed in enough quantities during early growth stages [30] . A good P supply induces grater tiller generation in rice plants [31] .
Dry
Biomass. Shoots dry biomass weight showed no significant differences among plants treated with distilled water, polymer, and P ( Figure 5 ).
The treatment period in rice plants was short (14 d), which might have caused the absence of significant differences between treatments. In rice, the overexpression of the high-affinity phosphate transporter OsPT6 enhanced growth, biomass production, and P accumulation in various tissues, while grain yield per transgenic plant was much higher than that of the wild-type plants under field conditions [32] . Coincidently, the constitutive expression of these gene in soybean improved growth under conditions of low Journal of Nanomaterials P supply in hydroponics [33] . Since high-affinity phosphate transporters are transcriptionally induced by phosphate starvation, the gene OsPT6 and other members of this family could be induced under our experimental conditions, so that shoot dry biomass weight was increased.
Regarding the dry mass of the roots, the highest mean (0.98164 g) was observed in the plants treated with nano-KH 2 PO 4 at 50% of the P concentration of the Yoshida solution plus the enzyme trypsin. Plants treated with nano-KH 2 PO 4 at 100% P concentration with the enzyme showed the lowest mean (0.5579 g) ( Figure 5 ). Although no significant differences in root dry biomass weight were observed among the rest of the treatments, it is important to note that the treatment with 100% P concentration of the Yoshida solution from nano-KH 2 PO 4 with the enzyme (treatment 8) had a lower dry biomass of the roots than did the rest of the treatments. Indeed, root dry biomass weight in this treatment represented only 85% of that observed in treatments 1 and 2 (controls with no P added).
In Nipponbare rice plants exposed to P deficiency, a significant decrease in shoot growth in benefit of the root system was observed [34] . The decrease in shoot growth was associated with a decrease in the elongation rate of the leaves, while the final leaf size remained unchanged. Therefore, the treatment with nano-KH 2 PO 4 at 100% P concentration with the enzyme induced smaller morphological changes in the roots because of sufficient P supply [35] .
Total dry biomass and dry shoot/root biomass ratio were not significantly affected by the treatments tested. Nonetheless, we could observe that the plants exposed to treatment 8 (100% P concentration from nano-KH 2 PO 4 with the enzyme) showed the lowest total dry biomass ( Table 2 ). The differences in essential macronutrients like P produce an accumulation of carbohydrates in leaves and roots and modify the dry biomass ratio between shoots and roots [36] . Thus, the lower total dry biomass weight observed in plants exposed to treatment 8 could be due to a lower accumulation of carbohydrates, an indicator of P sufficiency status. On the other hand, the short study period could be another factor influencing shoot and root biomass weight observed.
3.6. Concentration of Phosphorus in Shoots. The highest P concentration was found in the treatments with 100% P of the Yoshida solution, independent of the source used: KH 2 PO 4 , 4.9141 g kg -1 ; nano-KH 2 PO 4 , 4.4617 g kg -1 ; and nano-KH 2 PO 4 with the enzyme, 4.6362 g kg -1 P in shoots. On the other hand, lower P concentrations were found in the treatments with 50% P supplied from KH 2 PO 4 (3.6691 g kg -1 ), nano-KH 2 PO 4 (3.4891 g kg -1 ), and nano-KH 2 PO 4 with the enzyme (3.5871 g kg -1 ). The lowest P concentrations were found in the control treatments with distilled water (1.3405 g kg -1 ) and the polymer (1.2757 g kg -1 ) ( Figure 6 ).
The P concentration observed in shoots ( Figure 6 ) in the treatments with 100% P in the Yoshida solution is positively associated with the reduction of P in the solution (Figure 1 ). Consequently, there is a higher P concentration in shoots when the reduction of P in the solution is greater; in this case, the solution where P was supplied from KH 2 PO 4 ( Figure 6 ).
Most reports regarding the application of nanoparticles in plants has been carried out with metallic and metallic oxide nanoparticles, such as TiO 2 , Ag 0 , CuO, CeO 2 , FexO, and ZnO [37] . To the best of our knowledge, our study demonstrates for the first time that P nanoparticles are indeed absorbed and transported in rice, which has been evidenced by the increased concentrations of P found in shoot tissues ( Figure 6 ). In maize, absorption, translocation, and distribution of CuO (nCuO) nanoparticles (20-40 nm) in roots, transport through the xylem, and their return to the roots through the phloem have been experimentally proved [38] . Journal of Nanomaterials 3.7. Accumulation of Phosphorus in Shoots. The application of nano-KH 2 PO 4 100% P concentration in the Yoshida solution resulted in higher P contents (8.1114 mg). Interestingly, P contents were the highest in plants exposed to treatment 6, as compared to the rest of the treatments tested (Figure 7) . The decrease of P in the solution (Figure 1 ) may suggest a lower P uptake rate from the medium when this element was supplied from nanofertilizers (lower P uptake efficiency). However, results showing P accumulation demonstrated a higher physiological efficiency when this element was supplied as nano-KH 2 PO 4 than when it was supplied from KH 2 PO 4 and nano-KH 2 PO 4 with trypsin ( Figure 7) . The physiological efficiency of shoots links the difference between the dry biomass weights of the shoots of the treatment with P and the control (treatment 1) with the difference in P content in the shoots of the treatment with P and the control (treatment 1). Similar response to foliar phosphorus application in bean plants (Phaseolus vulgaris) under drought has been reported [39] .
We also observed significant differences in P accumulation between treatments where it was supplied at 100% concentration of the Yoshida solution. These differences are specifically observed among treatments 4, 6, and 8 (Figure 7 ). In this case, the differences found resulted from the sources of P used, being the treatment with nano-KH 2 PO 4 which had the highest P accumulation (8.1114 mg), followed by the treatments with KH 2 PO 4 and nano-KH 2 PO 4 with the enzyme (7.0763 and 6.5463 mg, respectively).
Concentrations of Phosphorus in
Roots. Plants exposed to the controls, distilled water (1) and the polymer (2), showed the lowest concentrations of P, with values of 0.94124 and 1.02275 g kg -1 , respectively. When P was supplied at 50% of the concentration indicated in the Yoshida solution, there were no significant differences among the sources of P used. Conversely, when the P concentration was increased to 100%, the use of nano-KH 2 PO 4 with trypsin significantly increased P concentration in roots, as compared to the treatment with KH 2 PO 4 and nano-KH 2 PO 4 (Figure 8 ).
3.9. Accumulation of Phosphorus in Roots. The highest P accumulation values in roots were obtained in treatments 3 to 8, all of which contained P. Nevertheless, it is important to point out that only in the treatments where this element was supplied from nano-KH 2 PO 4 at 50 and 100% P with no enzymes (treatments 5 and 6) was there a positive relationship between the P supplied and its accumulation in roots (Figure 9) .
The uptake and transport of nanoparticles in plants are greatly important processes for the evaluation and application of nanotechnology in agriculture. The absorption of nanoparticles by plants is a very recent study field [40] . Importantly, there are various possible pathways leading to the absorption of nanoparticles by plant cells [2] . Thus, nanoparticles can enter the plant by interacting with transport proteins, aquaporins, or ionic channels, by creating new pores or by endocytosis.
Our results demonstrated a higher P uptake from the traditional sources (Figure 1 ). Moreover, differential activity of phosphate transporters may also influence P uptake and transport within plant tissues once absorbed. In rice, 13 genes of the Pht1 family have been isolated so far; eight of these have been functionally characterized. Among these characterized genes are OsOT1, OsPT6, OsPT9, and OsPT10, which are highly expressed in the roots and are therefore responsible for P absorption in rice. The OsOT1 gene is expressed constitutively in rice, indicating that this gene has an important function in phosphate uptake under various conditions of P supply. On the other hand, the genes OsPT6, OsPT9, and OsPT10 are expressed considerably under P deficiency and thus function under low or deficient conditions of this element [41] .
In our study, treatment 8 (100% P of the Yoshida solution from nano-KH 2 PO 4 with trypsin) resulted in the lowest dry root biomass weight, and therefore lowest root growth ( Figure 5) , and both features are associated with P sufficiency [42] . But this treatment does not provide the highest P accumulation in shoots ( Figure 7 ) nor in roots ( Figure 9 ). Instead, the highest mean values for these variables were achieved with treatment 6 (100% P in the Yoshida solution from nano-KH 2 PO 4 ). These data suggest that the high initial availability of P, achieved by the addition of the enzyme trypsin in treatment 8, inhibited the expression of the genes that codify for high-affinity transporters, leaving active only the constitutive transporter OsOT1. Contrarily, in treatment 6, where P release is not immediate, a more efficient P absorption was induced, possibly via high-affinity transporters, which finally lead to a higher physiological efficiency both in shoots and in roots in this treatment. Moreover, in the absence or low availability of P, genes of high-affinity transporters like OsPT6, OsPT9, and OsPT10 may have been expressed in roots. In a comparative study on seven rice genotypes, a high expression of the OsPT6 gene was reported in the IR66 variety under P deficiency, and this variety also showed a strong increase in root growth induced by P deficiency [43] . This coincides with the results here observed.
One of the great technical challenges to be overcome in the future is the fact that protocols to quantify nanoparticles within plant tissues are not well established yet. Furthermore, nanoparticle absorption, translocation, and accumulation processes depend on plant species, as well as size, type, chemical composition, functionalization, and stability of the nanoparticles [40] .
In squash plants (Cucurbita maxima), Fe 3 O 4 nanoparticles are absorbed by the roots and translocated through the plant tissues; 45.5% of the absorbed nanoparticles was accumulated in the roots and 0.6% of the nanoparticles was detected in the leaves. Contrarily, in lima bean (Phaseolus limensis), there was no uptake or transport of the same nanoparticles, which evidences that the observed results can be highly influenced by the genotype of plant under evaluation [44] .
3.10. Photosynthesis-Related Variables. The lowest CO 2 fixation values were registered in the plants of treatments 1, 2, and 3 (distilled water, the polymer, and 50% P of the Yoshida solution from KH 2 PO 4 , respectively), with values of 3.4858, 3.1664, and 3.8993 μmol CO 2 m -2 s -1 , respectively. Contrarily, the highest photosynthetic rate values were observed in plants exposed to treatments 5 and 6 (50 and 100% P concentration of the Yoshida solution supplied from nano-KH 2 PO 4 ), with mean values of 7.1149 and 7.2434 μmol CO 2 m -2 s -1 , respectively ( Figure 10 ), which represent more than double the photosynthetic rate registered in the control treatments and the treatment with the low P dose (50% P of the Yoshida solution) from the conventional source.
Photosynthesis is a vital physiological process in plants and determines productivity. Photosynthetic activity greatly depends on P containing compound, and therefore, the efficient use of P in photosynthesis is a potentially important factor [45] . Phosphorus is a structural component of vital biomolecules, including amino acids, nucleic acids, energy source molecules (ATP, ADP, and PPi), phospholipids, and phytic acid, as well as participating in the photosynthetic activity [10] . Total P concentration in higher plants grown in high P supply conditions is over 5 g kg -1 dry matter, while under optimum P conditions, most crops show P concentrations under 4 g kg -1 dry matter [45] . In rice, the critical lowest value for P is 3 g kg -1 dry matter [46] . When associating the photosynthetic rate observed in our study ( Figure 10 ) with those obtained for P concentration Journal of Nanomaterials in shoots ( Figure 6 ), we observe a direct relationship between them. In the control treatments (1 and 2, with no P), we obtained P concentrations under 2 g kg -1 dry matter. Moreover, they showed the lowest carbon fixation. In the treatments with P supply (3 to 8), the P concentrations in shoots were over 3 g kg -1 dry matter, the lowest critical value for rice. Consequently, the photosynthetic rate increased in these treatments ( Figure 10) . Additionally, the highest carbon fixation was registered in plants exposed to treatment 6, which also showed the highest P accumulation in both shoots (Figure 7 ) and roots (Figure 9 ). Photosynthetic rate of the plants treated with nano-KH 2 PO 4 in both P concentrations of the Yoshida solution showed a more efficient use of P in photosynthesis. Particularly, the photosynthetic efficiency in the use of P defines the relationship existing between the photosynthetic rate and leaf P concentration [45] . As compared to conventional fertilizers, nanofertilizers have a higher surface area due to a lower particle size which provides more sites to enable different metabolic processes in the plant system [23] .
Stomatal conductance, intercellular CO 2 concentration, and transpiration (Figures 11(a) -11(c)) maintain an inverse relationship with the photosynthetic rate ( Figure 10) .
The statistical differences shown in stomatal conductance, intercellular CO 2 concentration, and transpiration are not related to the P status in shoots. Some studies suggest that under P deficiency, plants have a low photosynthetic rate due to the reduced stomatal conductance and the low CO 2 concentrations in the substomatal cavity [47] . Particularly in two rice genotypes (Zhenongda 454, P-deficiency tolerant genotype and Sanyang'ai, Pdeficiency sensitive genotype), P deficiency decreased stomatal conductance but had no influence on the internal CO 2 concentration. Therefore, the decrease in the photosynthetic rate observed in P-deficient plants is not due to stomatal limitation [48] . In addition, low P concentrations evaluated in four rice varieties (Akhanphou, MTU1010, RP BIO 226, and Swarna) decreased the photosynthetic rate, stomatal conductance, the transpiration rate, and the internal CO 2 concentration in all varieties [49] . Under our experimental conditions, contrastingly, the absence or low level of P did not drastically affect stomatal conductance, intercellular CO 2 concentration, or transpiration ( Figure 11) .
The relationship between the photosynthetic rate and the transpiration rate is an indicator used to characterize the instant water use efficiency (IWUE) [50] . When considering this indicator, plants under treatments with nano-KH 2 PO 4 both at 50 and 100% P of the Yoshida solution, would have a greater instant water use efficiency compared against plants treated with conventional phosphate fertilization and nano-KH 2 PO 4 with trypsin.
Several nanomaterials have been reported to improve growth, enhancing an efficient nutrient use. The high surface area and penetrability of nanomaterials make them potentially more efficient products in terms of nutrient use as compared to conventional fertilizers [4] . When considering phosphorus nanofertilizers, solubility and dispersion of insoluble forms, as well as absorption, fixation, and bioavail-ability are determining criteria to be considered when designing protocols for industrial production [51] .
Conclusions
Our results demonstrated that rice plants Morelos A-2010 displayed differential P uptake depending on the source of P used. Phosphorus supplied from KH 2 PO 4 exhibited a 9 Journal of Nanomaterials higher absorption rate than P supplied from nano-KH 2 PO 4 , alone or with trypsin. Importantly, the supply of P as nano-KH 2 PO 4 promoted greater physiological efficiency of the shoots and roots for P, with higher accumulations in these organs. P concentration in shoots, as well as its accumulation in shoots and roots, was positively related with the photosynthetic rate. Moreover, the treatment with nano-KH 2 PO 4 increased the instant water use efficiency in rice plants.
The treatment applying 50% of the recommended dose of P from nano-KH 2 PO 4 resulted in a higher photosynthetic rate as compared to the treatment using 100% of P from conventional fertilizer. Therefore, the use of nano-KH 2 PO 4 may allow reduce the quantity of applied fertilizer, lowering production costs and pollution risk.
Since P release was not immediate when using nano-K 2 HPO 4 , a more efficient P absorption might have been induced possibly via high-affinity transporters, which finally lead to a higher physiological efficiency both in the shoots and in the roots in this treatment. Our research group is currently designing the strategies to prove this hypothesis.
